Characterisation of the mycobacterial NER system reveals novel functions of uvrD1 helicase by Güthlein, C et al.
University of Zurich
Zurich Open Repository and Archive
Winterthurerstr. 190
CH-8057 Zurich
http://www.zora.uzh.ch
Year: 2009
Characterisation of the mycobacterial NER system reveals novel
functions of uvrD1 helicase
Güthlein, C; Wanner, R M; Sander, P; Davis, E O; Bosshard, M; Jiricny, J; Böttger, E
C; Springer, B
Güthlein, C; Wanner, R M; Sander, P; Davis, E O; Bosshard, M; Jiricny, J; Böttger, E C; Springer, B (2009).
Characterisation of the mycobacterial NER system reveals novel functions of uvrD1 helicase. Journal of
Bacteriology, 191(2):555-562.
Postprint available at:
http://www.zora.uzh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
Journal of Bacteriology 2009, 191(2):555-562.
Güthlein, C; Wanner, R M; Sander, P; Davis, E O; Bosshard, M; Jiricny, J; Böttger, E C; Springer, B (2009).
Characterisation of the mycobacterial NER system reveals novel functions of uvrD1 helicase. Journal of
Bacteriology, 191(2):555-562.
Postprint available at:
http://www.zora.uzh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
Journal of Bacteriology 2009, 191(2):555-562.
Characterisation of the mycobacterial NER system reveals novel
functions of uvrD1 helicase
Abstract
In this study, we investigated the role of the nucleotide excision repair (NER) pathway in mycobacterial
DNA repair. Mycobacterium smegmatis lacking the NER excinuclease component uvrB, the helicase
uvrD1 and a double knock-out lacking both proteins were constructed and their sensitivity to a series of
DNA damaging agents wa  analysed. As anticipated, the mycobacterial NER system was shown to be
involved in the processing of bulky DNA adducts and inter-strand cross-links. In addition, it could be
shown to exert a protective effect against oxidising and nitrosating agents. Interestingly, inactivation of
uvrB and uvrD1 significantly increased marker integration frequencies in gene conversion assays. This
implies that in mycobacteria, which lack the postreplicative mismatch repair system, NER, and
particularly the UvrD1 helicase, is involved in the processing of a subset of recombination-associated
mismatches.
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Abstract 24 
In this study, we investigated the role of the nucleotide excision repair (NER) pathway in 25 
mycobacterial DNA repair. Mycobacterium smegmatis lacking the NER excinuclease component 26 
uvrB, the helicase uvrD1 and a double knock-out lacking both proteins were constructed and their 27 
sensitivity to a series of DNA damaging agents was analysed. As anticipated, the mycobacterial 28 
NER system was shown to be involved in the processing of bulky DNA adducts and inter-strand 29 
cross-links. In addition, it could be shown to exert a protective effect against oxidising and 30 
nitrosating agents. Interestingly, inactivation of uvrB and uvrD1 significantly increased marker 31 
integration frequencies in gene conversion assays. This implies that in mycobacteria, which lack 32 
the postreplicative mismatch repair system, NER, and particularly the UvrD1 helicase, is 33 
involved in the processing of a subset of recombination-associated mismatches. 34 
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3 
Introduction 35 
The success of Mycobacterium tuberculosis as a human pathogen lies to some extent in its ability 36 
to survive and replicate in macrophages (23). It is currently unknown how it manages to 37 
overcome the assault on its DNA by macrophage-generated reactive oxygen- and nitrogen-38 
intermediates (ROI and RNI, respectively), which represent an otherwise very effective defence 39 
against intracellular pathogens (5, 8, 35). One possibility is that M. tuberculosis effectively 40 
detoxifies ROI and RNI. Alternatively, it may possess a highly-effective DNA repair machinery. 41 
In silico analyses of genomes of M. tuberculosis (6, 34), M. leprae (7), M. bovis (15), M. avium, 42 
M. paratuberculosis and M. smegmatis (The Institute for Genome Research; 43 
HTUhttp://www.tigr.orgUTH) revealed the presence of genes encoding enzymes involved in DNA damage 44 
reversal, nucleotide excision repair (NER), base excision repair (BER), recombinational repair, 45 
non-homologous end-joining (NHEJ) and SOS repair. Surprisingly, mycobacteria are devoid of 46 
the mutLS-based postreplicative mismatch repair (MMR) system (34, 51),which is otherwise 47 
highly conserved throughout evolution and contributes to mutation avoidance by correcting 48 
replication errors resulting from nucleotide misincorporation and polymerase slippage (27, 46). In 49 
addition, MMR inhibits recombination between non-identical (homeologous) sequences and thus 50 
helps control the fidelity of recombination (32, 41, 56). 51 
The finding that mycobacteria exhibit a general mutation rate comparable to that of MMR-52 
proficient species suggests that they possess alternative or compensating strategies for mismatch 53 
recognition and repair (51). It is conceivable for example that their replication and recombination 54 
fidelity is higher than in other prokaryotes. Alternatively, it is possible that the fidelity of these 55 
processes is controlled by one of the other DNA metabolic pathways, such as NER.  56 
Prokaryotic NER has been extensively studied in E. coli. It is mediated by the UvrABC 57 
excinuclease enzyme complex and the helicase UvrD (43), a system capable of dealing with a 58 
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4 
broad range of bulky and/or helix-distorting lesions such as UV-induced photodimers and 59 
oxidised thymines, intra- and inter-strand cross-links and other large base modifications formed 60 
through exposure to DNA-modifying agents (2). Analysis of NER in Bacillus subtilis (43), 61 
Streptococcus pneumoniae (47), Mycoplasma genitalium (43) and Deinococcus radiodurans (33) 62 
indicated that the repair mechanism originally characterised in E. coli is highly conserved in all 63 
prokaryotes. Interestingly, the mycobacterial UvrD1 protein has recently been shown to possess 64 
an additional role in DNA metabolism outside of NER; it was shown to physically and 65 
functionally interact with Ku, a protein participating in the non-homologous end-joining (NHEJ) 66 
pathway of DNA double strand break repair. A second UvrD homologue, named UvrD2, has a 67 
Ku-independent helicase activity (49), but its role in DNA repair is yet to be identified. 68 
To study the role of the mycobacterial NER pathway in the maintenance of genomic integrity, we 69 
generated mutants deficient in UvrD1 and UvrB, as well as a mutant lacking both proteins, and 70 
studied their response to a variety of DNA damaging agents. Moreover, using a plasmid-based 71 
assay, we also studied a possible involvement of mycobacterial NER in DNA mismatch 72 
recognition. Our data demonstrate that NER in mycobacteria is functional and that UvrB and 73 
UvrD1 play important roles in DNA repair and mutation prevention. Our data also suggest that 74 
UvrD1 may play a role in the control of homologous recombination. 75 
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Materials and Methods 76 
Bacterial strains, media and culture conditions. E. coli strain XL1 blue (Stratagene) was used 77 
for cloning and propagation of plasmids. Bacterial cultures were grown in Luria Bertani (LB) 78 
medium at 37°C. Cultures of M. smegmatis SMR5 rrnB (45), a derivative of M. smegmatis mcP2P 79 
155, were grown in 7H9 medium at 37°C. For determination of colony forming units (CFU), 80 
serial dilutions of three cultures of each strain were plated on solid medium and grown at 37°C 81 
for three days. Generation times were calculated by OD measurements of cultures in broth 82 
medium. When appropriate, antibiotics were added at the following concentrations: ampicillin 83 
100 µg/ml, hygromycin 100 µg/ml; kanamycin 50 µg/ml; streptomycin 100 µg/ml; apramycin 20 84 
µg/ml; clarithromycin 50 µg/ml. 85 
Generation of mycobacterial NER mutant strains. Allelic replacement techniques were used 86 
to generate M. smegmatis knockout mutants (44). Using genomic DNA, 1-1.5 kbp fragments 87 
upstream (5’) and downstream (3’) of the target gene were amplified by PCR and cloned into 88 
pMCS5-rpsL-hyg for generation of unmarked knock-outs. The following primers were used: 89 
uvrD-1 / uvrD-2 for amplification of the uvrD1 upstream region; uvrD-3 / uvrD-4 for 90 
amplification of the uvrD1 downstream region; uvrB-1 / uvrB-2 for amplification of the uvrB 91 
upstream region and uvrB-3 / uvrB-4 for amplification of the uvrB downstream region. The 92 
resulting deletion alleles lack basepairs 219 to 2040 of the 2352 basepair uvrD1 (MSMEG5534) 93 
ORF and basepairs 262 to 1890 of the 2160 basepair uvrB (MSMEG3816) ORF. Primer 94 
sequences are given in table 1; cloning was verified by sequencing. Vectors were transformed 95 
into M. smegmatis SMR5 rrnB, a derivative of M. smegmatis mcP2P 155 carrying a non-restrictive 96 
rpsL mutation conferring streptomycin resistance (45). Transformants were plated on medium 97 
containing hygromycin to select for integration of the knockout vector by homologous 98 
recombination into the genome. Clones that had undergone a single cross-over event were 99 
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6 
detected by Southern blot analyses and subjected to counterselection. In brief, single cross-over 100 
clones were grown for three days in liquid broth and subsequently plated on selective agar 101 
containing streptomycin. Putative knock-out mutants were colony purified and investigated by 102 
Southern blot analyses for disruption of uvrD1 and uvrB, respectively. For generation of the M. 103 
smegmatis uvrB/uvrD1 double mutant, the uvrB knock-out vector was transformed into the M. 104 
smegmatis uvrD1 mutant and selection procedures were applied as detailed above. Gene 105 
disruption was confirmed by Southern blot analyses. 106 
Complementation was not done, as the results obtained (see results section) and their agreement 107 
in general with data reported in the literature, where available, practically excludes polar effects 108 
and spontaneous second-site mutations elsewhere in the chromosome. 109 
Determination of spontaneous mutation frequencies. At least six parallel cultures of each 110 
strain were grown until late log phase in 7H9 medium, with a viable cell number around 10P9P/ml. 111 
Subsequently, cultures were diluted to 2x10P3P/ml and incubated for 2 days at 37°C. 100 µl of each 112 
culture were plated on freshly prepared 7H10 agar plates containing rifampicin and serial 113 
dilutions were plated on non-selective medium. After 3-6 days of incubation at 37°C, CFUs were 114 
determined. The number of CFUs obtained on agar plates containing rifampicin was divided by 115 
the number of CFUs obtained on nonselective medium. For calculation of mutation frequencies, 116 
the median of the ratio of cells that gained resistance against rifampicin was determined, as 117 
previously described (51) 118 
Determination of MIC and MBC. Minimal inhibitory concentrations (MIC) were determined 119 
by E-test (AB BIODISK) according to the manufacturer’s instructions. Determination of MBCs 120 
was performed in a microtiter plate format as described previously (39). In brief, freshly grown 121 
cultures were diluted to an absorbance (A600) of 0.01 in 7H9 medium and incubated for 72 h at 122 
37°C in the presence of 2-fold serial dilutions of rifampicin. The rifampicin stock solution (2 123 
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mg/ml) was made in DMSO. Aliquots from those wells that showed growth inhibition were 124 
plated on drug-free solid agar and incubated at 37°C for a further 72 h. The MBC is defined as 125 
the minimal drug concentration that kills > 99.9 % of the inoculum. 126 
Survival after exposure to UV light. UV sensitivity of strains was determined by plating 127 
dilutions (in triplicate) on solid medium followed by irradiation of open plates in a Stratalinker 128 
2400 (Stratagene, 254nm) at 0–160 mJ/cmP2P (approximately 0-5 seconds). Plates were incubated 129 
in the dark immediately after UV exposure to exclude a possible interference with photolyase-130 
mediated light repair. CFUs were determined after 3-4 days incubation at 37°C and compared to 131 
the untreated control. 132 
Survival after treatment with DNA damaging agents. 25 ml cultures of each strain were 133 
grown in 7H9 medium until early mid-log phase and serial dilutions were plated on LB agar for 134 
CFU determination. For determination of sensitivity to NaNOB2B, cultures were centrifuged and 135 
resuspended in 7H9 medium acidified with HCl (pH 5.4). Subsequently, cultures were split into 136 
six 3 ml aliquots. Freshly prepared compounds (tert-butylhydroperoxide 250 µM, NaNOB2B 3 mM, 137 
mitomycin C 0.02 µg/ml) were added to three aliquots, the remaining aliquots served as untreated 138 
control. After incubation for 24 h at 37°C, serial dilutions were plated onto LB agar. CFUs were 139 
counted after 3 days growth at 37°C. Survival was calculated by the ratio of CFUs of the treated 140 
cultures compared to the CFUs of the untreated controls.  141 
Determination of gene conversion frequencies. M. smegmatis strains were transformed with an 142 
integrative vector carrying various versions of mutated rrnA gene fragments. The approximately 143 
1.0 kb partial 16S rRNA gene fragment with a mutated 1491 position covered 16S rRNA position 144 
907 to ITS 1 position 2367, the partial 23S rRNA gene fragment with a mutated 2058 or 2059 145 
position covered 23S rRNA position 1426 to 2624. Upon recombination with the chromosomal 146 
wildtype rrnA gene, the vector-encoded mutated rrnA gene fragment confers drug resistance 147 
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8 
(apramycin for the 16S rRNA 1491 mutation, clarithromycin for the 23S rRNA 2058/2059 148 
mutation, vectors listed in table 2). For each construct and strain, at least ten independent 149 
transformants were picked and grown. Aliquots of these precultures were taken to inoculate 4 ml 150 
7H9 medium with approximately 5x10P5P cells. After two days of growth, serial dilutions were 151 
plated on permissive medium and on selective medium containing apramycin or clarithromycin. 152 
The relative marker integration frequency was determined by the ratio of cells which gained 153 
antibiotic resistance compared to the number of cells obtained on permissive medium.  154 
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9 
Results  155 
To study the role of the NER pathway in mycobacteria, we generated M. smegmatis mutants 156 
deficient in uvrB and for uvrD1. In addition, a double mutant deficient in both genes was 157 
constructed. The correctness of the gene disruptions was verified by Southern blot analysis 158 
(Figure 1).  159 
Growth characteristics. The in vitro growth characteristics of the uvrB and uvrD1 mutant 160 
strains in Middlebrook 7H9 medium were determined by OD measurements and CFU counts and 161 
found to be indistinguishable from that of the parental strain (Figure 2a). Colony morphologies of 162 
the single mutants did not show any differences to the wildtype. Growth of the uvrB/uvrD1 163 
double mutant was considerably impaired (Figure 2a): the mutant formed visible colonies 164 
approximately 20 hours later than the wildtype strain when plating dilutions of broth-grown 165 
cultures on solid media, and the colonies were significantly smaller compared to wildtype.  166 
Survival after treatment with DNA damaging agents. To test whether absence of NER in M. 167 
smegmatis affects DNA repair proficiency, the mutants were challenged with a variety of DNA-168 
damaging agents. The M. smegmatis recA mutant (14) was included as a control. 169 
As NER is primarily responsible for the repair of bulky adducts resulting from exposure to UV-170 
light, we irradiated the strains with short wavelength UV radiation (UV-C). The M. smegmatis 171 
uvrB and uvrD1 mutants, as well as the recA mutant, were considerably more sensitive to UV 172 
than the wildtype strain. Combined deletion of uvrB and uvrD1 had an additive effect on survival 173 
following UV treatment; the double mutant was unable to survive doses in excess of 80 mJ / cmP2P 174 
(Figure 2b). 175 
We then studied the cytotoxicity of tert-butyl-hydroperoxide (TBH) which generates ROI that 176 
attack the bases and the sugar-phosphate backbone of the DNA, leading to strand breaks and base 177 
modifications (17). Treatment with TBH may also result in the formation of alkoxy radicals that 178 
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10 
cause alkylation damage (18). The M. smegmatis NER mutants were significantly more sensitive 179 
to TBH than the wildtype strain (Figure 2c; p < 0.05, student’s t-test), and the sensitivities of all 180 
three mutants were similar (student’s t-test: p > 0.1). In contrast, TBH sensitivity of the 181 
M. smegmatis recA mutant was only slightly increased compared to wildtype (42 % surviving 182 
recA cells compared to 77% surviving wildtype cells; p < 0.05 student’s t-test). These findings 183 
indicate that in defence against ROI and alkylation damage in mycobacteria, NER plays a more 184 
important role than homologous recombination.  185 
Acidified sodium nitrite generates RNI, which give rise to oxidative damage in DNA as well as 186 
to nitration, nitrosation and deamination reactions (3). The M. smegmatis recA mutant displayed a 187 
similar sensitivity to acidified sodium nitrate as the wildtype (12% and 15 % surviving cells; p > 188 
0.08 student’s t-test, Figure 2d). The NER mutants were substantially more sensitive (p < 0.05, 189 
student’s t-test), particularly the uvrD1 and uvrB/uvrD1 strains (Figure 2d). 190 
Exposure to mitomycin C (MMC) results in alkylation and inter-strand cross-links (20, 26), 191 
which are mainly repaired by NER in E. coli (52). The M. smegmatis NER mutants differed in 192 
their sensitivity towards MMC. Compared to the recA and the uvrD1 mutants, which showed 193 
significantly increased sensitivities, the uvrB and uvrB/uvrD1 mutants were even more sensitive 194 
to MMC (Figure 2e).  195 
Spontaneous mutation frequencies. Rifampicin has a single molecular target, the ß subunit of 196 
RNA polymerase encoded by rpoB. Various point mutations in rpoB confer high-level drug 197 
resistance. The frequency at which bacteria generate rifampicin-resistant mutants is widely used 198 
to assess the general spontaneous mutation frequency. For selection of spontaneous drug resistant 199 
mutants, we used a concentration of 175 µg/ ml rifampicin. The wildtype strain displayed a 200 
spontaneous mutation frequency of 3.8 x 10P-8. In comparison, deletion of uvrD1 resulted in an 201 
approximately threefold higher mutation frequency (9.1 x 10P-8P, p < 0.05, n= 6, students t-test) and 202 
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11 
deletion of uvrB resulted in a fivefold increase (1.9 x 10P-7P, p < 0.01, n= 6, students t-test). 203 
Inactivation of recA did not affect mutation frequency (1.7 x 10P-8PB
 
Bp > 0.05, n= 6, students t-test). 204 
The mutation frequency of the double mutant could not be assessed with this approach, as the 205 
uvrB/uvrD1 mutant strain was unable to grow on plates containing 175 µg/ml rifampicin. 206 
Considering the general growth defect of this strain, we hypothesized that the uvrB/uvrD1 mutant 207 
may be incapable of acquiring high-level resistance against rifampicin. Minimal inhibitory 208 
concentration (MIC) assays revealed that the uvrB/uvrD1 mutant displayed a MIC of 4 µg/ml 209 
rifampicin compared to 32 µg/ml for the wildtype and the uvrB strains, and 16 µg/ml for the 210 
uvrD1 mutant. The minimal bactericidal concentration (MBC) for the uvrB/uvrD1 double mutant 211 
was 130 µg /ml compared to 500 µg /ml for the wildtype and the uvrB and the uvrD1 strains. 212 
Given the decreased MBC for the drug, we reassessed the spontaneous mutation frequencies on 213 
plates containing 100 µg/ml rifampicin. In view of the prolonged generation time of the 214 
uvrB/uvrD1 double mutant, CFUs on rifampicin were determined after 6 days, while CFUs of the 215 
wildtype and the single mutant strains were assessed after three days. The wildtype strain 216 
displayed a spontaneous mutation frequency of 5.7 x 10P-8 (Figure 3). Deletion of uvrD1 resulted 217 
in an approximately twofold increase (1.2 x 10P-7P, p < 0.05, n= 6, students t-test) and deletion of 218 
uvrB resulted in a fivefold increased mutation frequency (2.9 x 10P-7P, p < 0.01, n= 6, students t-219 
test). Combined deletion of uvrB and uvrD1 resulted in a fourfold increase (2.2 x 10P-7P, p < 0.01, 220 
n= 6, students t-test), while inactivation of recA did not affect the mutation frequency (6.3 x 10P-8PB
 
221 
Bp > 0.05, n= 6, students t-test). 222 
Involvement of NER in mismatch recognition. Base-base mispairs occur in duplex DNA in the 223 
form of purine-purine (G/G, A/A, G/A), purine-pyrimidine (G/T, A/C) or pyrimidine-pyrimidine 224 
(C/C, T/T, T/C) mismatches. With the exception of C/C, all base-base mispairs are subject to 225 
correction by the mismatch repair system (31). As mycobacteria are devoid of this highly-226 
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12 
conserved repair pathway, we studied the effects of MMR deficiency and the possible 227 
compensating role of NER in recombination repair. We deployed a plasmid transformation assay 228 
(40), in which intra-molecular recombination between the chromosomal M. smegmatis rrnA gene 229 
and a plasmid-borne rrnA gene fragment carrying a specific mutation leads to antibiotic 230 
resistance. Because the recombination process gives rise to a mismatch-containing heteroduplex, 231 
MMR-proficient cells correct the mispair or reject the heteroduplex, which results in low gene 232 
conversion frequencies. In MMR-deficient cells, the intermediate will not be processed, which 233 
will give rise to a mutation of the chromosomal rrnA operon after replication and post-mitotic 234 
segregation in 50% of the progeny, with a consequent gain of resistance to the antibiotic. This 235 
assay provided an opportunity to study the recognition of different mismatches in M. smegmatis. 236 
However, because M. smegmatis harbours a second rrn operon (named rrnB), which precludes 237 
proper measurement of gene conversion frequencies using the above-described assay, the NER 238 
mutants were constructed in a ∆ rrnB background (45).  239 
The rrnB NER mutant strains were transformed with integrating vectors carrying rrnA gene 240 
fragments with different point mutations. For each rrnA fragment, specific gene conversion 241 
frequencies were obtained. Comparison of marker integration frequencies in the wildtype 242 
revealed that the highest gene conversion frequencies (in the range of 10P-4P to 10P-5P) were obtained 243 
with A→C mutations that gave rise to C/T and A/G mismatches in 23S rRNA positions 2058 or 244 
2059 (Figure 4a). While gene conversion frequencies in the uvrB mutant were similar to wildtype 245 
(student’s t-test, n=10, p>0.05), deletion of uvrD1 resulted in approximately tenfold higher gene 246 
conversion frequencies. Interestingly, the combined deletion of uvrB and uvrD1 resulted in 247 
significantly elevated marker integration frequencies (~60 fold for the A→C mutation located at 248 
position 2058 and 240 fold for the A→C mutation at position 2059). Marker integration 249 
frequencies with an rrnA fragment carrying an A→G mutation resulting in G/T and A/C 250 
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13 
mismatches in 23S rRNA positions 2058 or 2059 (Figure 4a) were lower than with the A→C 251 
mutation, yielding frequencies in the range of 10-5 and 10-6 in M. smegmatis wildtype. Gene 252 
conversion frequencies increased about tenfold in the uvrD1 mutant, and less so (3 to 4 fold) in 253 
the uvrB mutant. However, the double mutant displayed marker integration frequencies that were 254 
about 200-fold higher than wildtype (Figure 4a). 255 
Metabolism of A/C and G/T or C/C and G/G mismatches was determined with rrnA fragments 256 
carrying a G→A or a G→C mutation at position 1491 of 16S rRNA. Gene conversion 257 
frequencies of the wildtype were in the 1 x 10P-6 Prange and those of the uvrB, uvrD1 and 258 
uvrB/uvrD1 mutants were only marginally (about fourfold) increased  (Figure 4b).  259 
Analysis of marker integration frequencies using an rrnA fragment carrying a G→T mutation 260 
provided insights into processing of T/C and G/A mismatches. The uvrD1 mutant strain and the 261 
uvrD1/uvrB mutant strain displayed more than tenfold higher gene conversion frequencies, while 262 
the frequency in the uvrB mutant was increased fourfold (Figure 4b). 263 
ACC
EPT
ED
 at UNIVERSITATSSPITAL on Decem
ber 11, 2008 
jb.asm.org
D
ow
nloaded from
 
14 
Discussion 264 
Nucleotide excision repair is a highly-versatile pathway of DNA metabolism, which can 265 
efficiently remove DNA adducts that bring about gross distortions of the helical structure. In the 266 
prototypic organism, E. coli, the NER system protects against UV radiation by removing 267 
cyclobutane pyrimidine dimers and 6-4 photoproducts, but deals also with thymine glycols and 268 
both inter- and intra-strand cross-linking agents such as cisplatin and MMC, respectively (2, 13). 269 
In this study, we show that M. smegmatis uvrD1 and uvrB mutants are hypersensitive to UV and 270 
MMC. Moreover, we also show that the mutants are sensitive to ROI- and RNI-generating 271 
substances such as tert-butylhydroperoxide and sodium nitrite. The latter reagents generate DNA 272 
modifications that give rise primarily to single-strand breaks through the processing of modified 273 
bases by the base excision repair system. In this respect, M. smegmatis appears to differ from E. 274 
coli, as uvrA, uvrB and uvrC mutants of the latter organism show wild-type like sensitivity to the 275 
ROI-generating substance, hydrogen peroxide (19); indeed, oxidative damage in E. coli is 276 
primarily repaired by homologous recombination and BER (24). Interestingly, the M. smegmatis 277 
uvrD1 mutant has been reported to sensitize cells to ionizing radiation (49), apparently through 278 
association with Ku. The latter factor is involved in the processing of double-strand DNA breaks, 279 
which can arise by the direct action of ionizing radiation, but also in cases where single-strand 280 
breaks are in close proximity, such as in DNA containing extensive amounts of DNA base 281 
damage. Thus, this link requires further study, especially as TBH gives rise also alkylation 282 
damage (18). Although this type of modification is mainly repaired by alkyl transferases and 283 
BER (36) rather than NER (42, 52), at least in E. coli, the tert-butyl group is rather bulky and the 284 
possibility that it is this latter type of damage rather than oxidized bases that is being addressed 285 
by the M. smegmatis NER system cannot be disregarded at this time. 286 
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The M. smegmatis NER mutants were more sensitive to TBH than the wildtype strain and the 287 
recA mutant, and a similar situation was observed for acidified sodium nitrite. This differs from 288 
E. coli, where repair of RNI-induced DNA damage (like that induced by ROI) is mainly 289 
accomplished by BER and homologous recombination (50), although a role for UvrA in 290 
resistance to acidified sodium nitrite has been reported (48). Thus, the mild RNI/ROI phenotype 291 
of the M. smegmatis recA mutant, coupled with the hypersensitivity of the NER mutants to the 292 
tested agents, suggested that homologous recombination plays only a minor part in dealing with 293 
this type of damage.  294 
The above experiments indicated that mycobacterial NER is involved in the processing of 295 
induced oxidative damage. As this type of damage is believed to be the most important 296 
contributor to spontaneous mutagenesis, we measured the spontaneous mutation frequencies of 297 
M. smegmatis uvrD1, uvrB and uvrB/uvrD1 mutants towards rifampicin resistance. As shown in 298 
Fig. 3, all three strains displayed elevated spontaneous mutation frequencies, indicating that 299 
disruption of NER impacts on genomic integrity. The observed increases were similar for the 300 
uvrB, uvrD1 and the double mutant, which indicates that the two proteins are involved in the 301 
same pathway that is responsible for dealing with spontaneous DNA damage.  302 
Combined deletion of uvrB and uvrD1 has not been analysed in other prokaryotes so far. Loss of 303 
both proteins rendered cells more sensitive to UV than single deletion of uvrB and uvrD1, 304 
implying a specific role for one of these proteins in addition to NER. This assumption is 305 
corroborated by the observation that the in vitro growth rate of the double mutant was 306 
significantly affected, while growth of the uvrB and uvrD1 single mutants was similar to that of 307 
the wildtype. A statistically significant additive effect of combined lack of UvrB and UvrD1 was 308 
not observed when the strains were assayed for sensitivity to MMC, TBH and acidified sodium 309 
nitrate. Other repair pathways, like BER and recombinational repair, may have overlapping repair 310 
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specificities for DNA damage generated by these compounds and thus may partially compensate 311 
for the lack of UvrB and UvrD1 under these conditions. In addition, a second UvrD homologue 312 
named UvrD2 has recently been described in M. smegmatis (49). However, UvrD2 function – in 313 
particular a possible involvement in NER- remains to be elucidated. Taken together, the above 314 
data provide evidence that NER in mycobacteria is functional and that, as anticipated, UvrB and 315 
UvrD1 play important roles in the repair of bulky lesions. Moreover, our findings also suggest 316 
that the substrate spectrum of mycobacterial NER differs from that of E. coli, inasmuch as 317 
mycobacterial NER appears to be involved in the detoxification of oxidation damage, both 318 
induced and spontaneous.   319 
As mentioned in Introduction, mycobacteria lack the MutLS mismatch repair system. 320 
Interestingly, their spontaneous mutation frequencies appear to be similar to MMR-proficient 321 
bacteria. One possible explanation for this phenomenon is that mycobacterial replication fidelity 322 
is higher than that of other organisms. However, there is currently no evidence to support this 323 
notion. The second possibility is that another repair pathway compensates for the lack of MMR. 324 
This is a difficult task, because successful MMR must ensure not only that the mismatch is 325 
recognised, but also target the excision to the newly-synthesised strand. In most organisms, this 326 
task is accomplished by the MutS homologues, which undergo an ATP-driven conformational 327 
change upon mismatch binding that allows them to diffuse away from the mismatch. When they 328 
encounter a strand discontinuity (such as one end of an Okazaki fragment during replication, or 329 
the terminus of the invading strand during recombination), they load an exonuclease, which then 330 
degrades the error-containing strand. Such a scheme is difficult to imagine without the MutS 331 
function. However, it is conceivable that another mismatch recognition factor might be able to 332 
activate a DNA helicase that could load at the mismatch and unwind the DNA helix. Should this 333 
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process reach a strand discontinuity, the flap could be degraded by a single-strand specific 334 
endonuclease. 335 
We decided to test whether UvrB and UvrD1 might possess the above-described functionalities, 336 
primarily because NER was shown to be involved in mismatch processing in MMR-deficient 337 
Schizosaccharomyces pombe (10, 28) and because UvrD deficiency was reported to give rise to a 338 
hyper-recombinogenic phenotype in E. coli (55) and in H. pylori (22). The latter observations 339 
were explained by two different models. The first proposed that replication forks would be 340 
arrested at persistent nicks in the DNA arising as a result of incomplete NER or MMR. This 341 
would give rise to double strand breaks at the collapsed forks, which would be repaired by 342 
homologous recombination (1). The second model proposed that UvrD participates in 343 
degradation of toxic recombination intermediates by actively removing RecA proteins from DNA 344 
(4, 30). This latter model is supported by observations made in E. coli and S. cerevisiae, where 345 
UvrD (4, 11, 12, 38, 53) and the Srs2 helicase (54) were found to act as anti-recombinases that 346 
prevent potentially deleterious recombination events. 347 
We made use of gene conversion assays, which allow M. smegmatis cells to acquire antibiotic 348 
resistance upon recombination between the chromosomal rrnA operon and a plasmid-borne gene 349 
fragment carrying a specific resistance mutation. This system allowed us to test several different 350 
mutations in two different sequence contexts, which allowed us to find out whether marker 351 
integration frequencies depended on the specific mismatch - as in other systems (16, 21, 29). In 352 
MMR-proficient organisms, repair efficiency was shown to depend on the type of mismatch and 353 
its sequence context (9, 21, 31). In E. coli, for example, the correction of G/T, A/C, G/G and A/A 354 
mismatches by the MMR system is highly effective, while C/T, T/T and A/G mismatches are 355 
repaired less efficiently and C/C mispairs are generally not corrected (9, 25, 37). Our present 356 
findings show similar fluctuations in gene conversion frequencies in M. smegmatis and the fact 357 
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that the frequencies increase in the mutants indicates that mycobacterial uvrB and uvrD1 may 358 
control the fidelity of homologous recombination, as gene conversion is the result of 359 
recombination in the absence of mismatch repair. 360 
Interestingly, inactivation of M. smegmatis uvrD1 had a more profound effect on marker 361 
integration frequencies than uvrB loss and the uvrB/uvrD1 double mutant displayed higher gene 362 
conversion frequencies than either single mutant. This implies that the two polypeptides either act 363 
– at least in part - in different processes of DNA metabolism, or that they address different 364 
substrates. Our experiments showing that the additive effect of UvrB and UvrD1 deletion on gene 365 
conversion was not observed in case of the G  A or G  C mutations in 16S rrnA position 366 
1491 may be taken as support for the latter hypothesis, but the reason underlying this 367 
phenomenon is difficult to identify, given the large number of variables that contribute to gene 368 
conversion efficiency. However, the dominant role of the UvrD1 helicase can be understood if it 369 
is assumed that the rejection of the nascent heteroduplex will in all cases require the helix-370 
unwinding function, but, due to the varying helix-destabilising effects of different mispairs, only 371 
in a subset of cases the UvrB function. 372 
In conclusion, our observations provide evidence that the mycobacterial NER is capable of 373 
repairing a wider range of DNA damage than the E. coli system. Furthermore, our data suggest 374 
that the NER system of M. smegmatis may play a role in controlling the fidelity of DNA 375 
recombination even in the absence of a mismatch repair pathway. We therefore propose that the 376 
resolution of DNA heteroduplexes arising during recombination is accomplished differently in 377 
mycobacteria than in model species possessing a MMR system. Further investigations aiming at 378 
elucidating the molecular mechanisms governing genome stability in mycobacteria are currently 379 
in progress in our laboratory. 380 
 381 
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Figure legends  541 
 542 
Figure 1: Generation of M. smegmatis NER mutants  543 
A Disruption of M. smegmatis uvrD1. Left: Southern blot analysis. Genomic DNA from 544 
M. smegmatis wildtype (lane 1), uvrD1 mutant (lane 2) and uvrD1 single cross-over mutant (lane 545 
3) was digested with BstXI and probed with a 653bp MluI/BamHI DNA fragment containing 5’ 546 
flanking sequences of the uvrD1 gene. The presence of a single 10.7 kbp fragment instead of a 547 
2.0 kbp fragment as seen in the parental strain demonstrates successful deletion of uvrD1 coding 548 
sequences. Right: Schematic illustration of the uvrD1 locus and Southern blot analysis. Shown 549 
are the genomic organization of the wildtype (wt), the knockout vector that contains the uvrD1 550 
deletion allele (vector), the single cross-over genotype (sco), and the mutated genomic uvrD1 551 
region in the knockout mutant (ko). Probe location and fragments detected by the probe specific 552 
for the 5’ flanking region are indicated. 553 
B Disruption of M. smegmatis uvrB. Left: Southern blot analysis. Genomic DNA from M. 554 
smegmatis uvrB mutant (lane 1), uvrB single cross-over mutant (lane 2) and wildtype (lane 3) 555 
was digested with NcoI and probed with a 600bp NdeI/BsmI uvrB gene fragment. The presence of 556 
a single 3.9 kbp fragment instead of a 5.6 kbp fragment as seen in the parental strain 557 
demonstrates successful deletion of uvrB coding sequences. Right: Schematic illustration of the 558 
uvrB locus and Southern blot analysis. Shown are the genomic organization of the wildtype (wt), 559 
the knockout vector that contains the uvrB deletion allele (vector), the single cross-over genotype 560 
(sco), and the mutated genomic uvrB region in the knockout mutant (ko). Probe location and 561 
fragments detected by the probe specific for the uvrB gene are indicated. 562 
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Figure 2: In vitro growth analysis and survival of M. smegmatis strains following DNA 563 
damage  564 
A In vitro growth analysis of M. smegmatis strains. Strains were grown in 7H9 broth in 565 
shaking cultures for 2 days at 37°C and CFU counts assessed after 0, 9, 15 and 33 hours. OD 566 
values are given in a line graph, corresponding with the left y-axis; CFU counts are given by 567 
columns, corresponding to the right y-axis. Doubling times: wildtype 3.7 h +/- 0.1, uvrD1 mutant 568 
3.5 h +/- 0.2, uvrB mutant 3.4 h +/- 0.2, uvrB/D1 mutant 7.6 h +/- 0.4 569 
B Survival following irradiation with UV-C. Survival was calculated from the ratio of cells 570 
that survived treatment with UV-C in comparison to the untreated control. Shown are the mean 571 
values of one representative experiment performed with three independent cultures each. 572 
Standard deviations of the means are given in the error bars. TRatio of treated to untreated cells is 573 
plotted in logarithmic scale. The uvrB / D1  mutant was unable to survive doses higher than 80 574 
mJ / cmP2.  575 
C-E Survival after treatment with different DNA damaging agents. C  tert-butyl-576 
hydroperoxide (250 µM)   D acidified NaNOB2 B(pH 5.4, 3mM); E Mitomycin C (0.02 µg/ml). 577 
Survival was calculated from the ratio of cells that survived treatment with the DNA damaging 578 
agent in comparison to the untreated control. Shown are the mean values of one representative 579 
experiment performed with three independent cultures each. Strains were incubated with the 580 
DNA damaging agent for 24 h. Standard deviations from the mean are given in the error bars. * 581 
significant increase in susceptibility towards DNA damaging agent compared to the wildtype 582 
(student’s t-test, p<0.05). Abbreviations: wt = M. smegmatis wildtype strain; uvrB, uvrD1, 583 
uvrB/D1  = M. smegmatis NER mutant strains, recA  = M. smegmatis recA mutant strain. 584 
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Figure 3: Frequencies of mutation to rifampicin resistance 585 
Shown are the median values (horizontal lines), 95% confidence interval (rectangular boxes) 586 
and outliers (vertical lines) of mutation frequencies calculated from the ratio of cells that gained 587 
rifampicin resistance in six independent cultures of each strain. * Significant increase of 588 
mutation frequency compared to the wildtype (student’s t-test p<0.05). Abbreviations: wt = M. 589 
smegmatis wildtype strain; uvrB, uvrD1, uvrB/uvrD1 = M. smegmatis NER mutant strains, recA  590 
= M. smegmatis recA mutant strain. 591 
 592 
 593 
Figure 4 Relative gene conversion frequencies obtained with rrnA fragments carrying a 594 
resistance conferring mutation on 23S rRNA position 2058 or 2059 (A) and rrnA fragments 595 
carrying a resistance conferring mutation on 16S rRNA position1491 (B) 596 
Shown are the median values (horizontal lines), 95% confidence intervals (rectangular boxes) 597 
and outliers (vertical lines) of gene conversion frequencies calculated from the number of cells 598 
that gained apramycin or clarithromycin resistance in ten independent cultures of each strain. * 599 
significant increase of gene conversion frequencies compared to the wildtype (student’s t-test, 600 
p<0.05). Abbreviations: wt = M. smegmatis wildtype strain; uvrB, uvrD1, uvrB/D1 = M. 601 
smegmatis NER mutant strains. 602 
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Table 1: Primers used for  gene cloning 603 
Primer name Sequence 
uvrD-1 
uvrD-2 
uvrD-3 
uvrD-4 
uvrB-1 
uvrB-2 
uvrB-3 
uvrB-4 
5’-GGAATTCCATATGGTGAGGACGCCTACGAC-3’  
5’-GGAAGATCTGGTGAACGTGATGGCCAG-3’ 
5’-GGAAGATCTGCAGGAACTCATCGACTGGCG-3’ 
5’-TGCATGCATGATCGCGTCGGGCACCTTC-3’ 
5’-GGAATTCCATATGGGCCGAGTACGGCCAGTC-3’ 
5’-GGAAGATCTGCGCCATCACGAGCGTG-3’ 
5’-GGAAGATCTGAGTCGGTCGAGATCGGTGG-3’ 
5’-TGCATGCATCGTCATGTGCGCCAGCCGC-3’ 
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Table 2: Recombination substrates containing a mutated rrnA fragment. All vectors harbour 604 
a mutated rrnA fragment which confers antibiotic resistance (corresponding antibiotic denoted in 605 
parentheses) upon recombination with the chromosomal wildtype rrnA gene. Numbers indicate 606 
the rrnA position of the mutated nucleotide. 607 
 
pMV361∆Kan-Gm-rRNA A 2059 C (Clarithromycin) 
pMV361∆Kan-Gm-rRNA A 2059 G (Clarithromycin) 
pMV361∆Kan-Gm-rRNA A 2058 C (Clarithromycin) 
pMV361∆Kan-Gm-rRNA A 2058 G (Clarithromycin) 
pMV361∆Kan-Gm-rRNA G 1491 A (Apramycin) 
pMV361∆Kan-Gm-rRNA G 1491 C (Apramycin) 
pMV361∆Kan-Gm-rRNA G 1491 T (Apramycin) 
 
 
(40) 
(40) 
(40) 
(40) 
(39) 
(39) 
(39) 
 608 
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